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1 Its wurtzite structure leads to strong pyroelectric and piezoelectric properties. Due to its wide band gap ͑3.37 eV͒ and high exciton binding energy ͑60 meV͒, ZnO has potential for a wide range of optoelectronic applications. In recent years a plethora of ZnO nanostructures has been produced, which has led to a wide range of studies into their electrical, chemical, and mechanical properties.
2 The discovery of room-temperature UV lasing 3 in ZnO nanowires has stimulated a considerable effort into understanding its optical properties.
The luminescent properties of bulk and nanostructured ZnO have been reviewed recently. 4, 5 The band gap emission consists of excitonic and donor acceptor pair transitions along with their phonon replicas. Analogous luminescence is seen in nanostructures as well. At lower energies ͑1.7-2.7 eV͒ emission from defect states is often observed. The relative intensity and energy position of defect state emission varies from sample to sample. 4, [6] [7] [8] [9] The exact assignment of the transitions is controversial. The general consensus for the green, 2.4 eV emission is that it stems from oxygen vacancies near the surface. At lower energies, ϳ2 eV, orange luminescence is often observed and has been assigned to interstitial oxygen ions. 4, 6 X-ray excited optical luminescence ͑XEOL͒ has been shown to be a powerful tool for investigating the local chemical environment of a site that gives rise to a particular luminescent band. 10 Recently, we have used XEOL to understand the nature of the band gap and defect luminescence from ZnO nanowires 11 and identify the origin of the luminescence from ZnO-MgZnO nanoheterostructures. 12 In the present work, we have utilized the limited penetration depth of soft x-rays to study the near-surface properties of vertically aligned ZnO nanowires. For an x-ray energy of 600 eV the penetration depth varies between 3 and 132 nm as the incidence angle changes from 2°to 33°. Thus, by obtaining optical luminescence spectra as a function of angle it is possible to probe the near surface region with nanometer-scale resolution. We will present angle dependent optical luminescence data from oriented ZnO nanowires. By fitting the results to a simple model we extract a depth for the surface defect region of ϳ14 nm, which is in line with the conclusions from previous photoluminescence and cathodoluminescence studies. [13] [14] [15] [16] [17] The ZnO nanowires were prepared on gold coated Si substrates by the hydrothermal decomposition method which has been described previously. 18, 19 The experiments were performed using soft x-rays from beamline 4-ID-C at the Advanced Photon Source. This facility provides intense, tunable radiation in the range 500-3000 eV. The x-rays irradiated the sample at varying angles, ␣, with respect to the substrate normal, which coincides with the c-axis of the nominally perpendicularly aligned nanowires. The emitted optical photons were extracted at 45°with respect to the x-ray beam using a condenser lens and then focused on the entrance slit of a 0.3 m monochromator. A cooled photomultiplier tube was used to detect the dispersed photons. The sample was mounted on a manipulator located in an ultrahigh-vacuum end station. All data presented here were obtained at an x-ray energy of 600 eV and a sample temperature of ϳ35 K.
XEOL spectra of two different nanowire samples obtained at a relatively large angle ͑␣ = 33°͒ are shown in Fig.  1 . In Fig. 1͑a͒ are the data from sample A ͑ϳ720 nm diameter and 3.87 m length͒ and results from sample E ͑ϳ390 nm diameter and 3.29 m length͒ are shown in Fig.  1͑b͒ . The insets are scanning electron microscopy ͑SEM͒ images of the two samples. Both spectra show a sharp, band gap exciton ͑BGE͒ peak at ϳ3.36 eV and a broad, defectrelated peak at ϳ2 eV. The sharp feature at ϳ1.7 eV is due to the BGE peak dispersed in second order.
The intensities of the various peaks are obtained by least-squares curve fitting the spectra to Gaussian components. The BGE peak is composed of free and bound excitons as well as their phonon replicas. 5 To simulate this complex shape, a sum of four components located at 3. broad defect level peak the minimum number of components that were necessary for a reasonable fit were three, located at 1.97, 1.82, and 1.70 eV. The 1.97 eV peak was by far the most intense defect component in all the spectra. In addition, a component located at 1.67 eV was employed to simulate the second-order BGE peak. Some results of the fitting procedure are seen in Figs. 1 and 2 .
To gain insight into the depth variation in the sites responsible for the luminescence peaks, XEOL spectra were obtained as a function of the angle ␣ between the x-ray propagation vector and the c-axis of the nanowire. Results for sample E are shown in Fig. 2 . For all the spectra the peak positions and widths were fixed; only the intensities were allowed to vary. As ␣ increases, the overall intensity increases and the ratio ͑R͒ of the defect to BGE luminescence peaks decreases. The overall increase in intensity is due to a higher collection efficiency of the luminescence as the sample is rotated toward the collection optics. R decreases as a result of the increase in x-ray penetration depth with increasing incident angle. 20 As the x-rays probe deeper they sample less of the surface region, which is responsible for the defect luminescence.
To analyze these data we utilized the model developed by Emura et al. 21 The XEOL yield as a function of x-ray penetration depth, x, is given by
where is the x-ray absorption coefficient, is the total yield of optical luminescence, and I 0 is the incident x-ray intensity. If the assumption is made that the defect luminescence is confined to a thin surface layer of thickness t, then after integration the following equation can be derived:
͑2͒
Thus, by fitting the angle ͑penetration depth͒-dependent luminescence intensity data to a function of the form:
where d is the penetration depth and B is a background level, it should be possible to extract the thickness t. However, it is not possible to directly apply Eq. ͑3͒ to the absolute intensities. As already mentioned the collection efficiency of the optics changes as a function of angle. In addition, the nanowires are shadowed by both their ends and each other in an unknown manner. Therefore we make the assumption that the BGE peak intensity is uniform throughout the nanowire, 16 and examine the ratio, R, as a function of angle/x-ray penetration depth. 20 In Fig. 3 the data points show the ratio of the 1.97 eV peak to the sum of the four components of the BGE peak as a function of angle ͑top axis͒ or the corresponding penetration depth 20 ͑bottom axis͒. Similar results were obtained for the 1.82 and 1.70 eV components. The solid lines are the results of a fit of Eq. ͑3͒ to the data points. Although there is some deviation of the data from the fitted curve, particularly for sample A, the agreement is reasonable considering the simplicity of the model. In addition, while the nanowires are nominally aligned normal to the substrate, there is considerable variation of the nanowire orientation ͑see Fig. 1͒ . The extracted defect level thicknesses are 15Ϯ 3 and 14Ϯ 2 nm for samples A and E, respectively. These values should be regarded as upper limits to the thickness. The model was derived for a geometry in which the sample surface, sample normal, and x-ray propagation vector were all in the same plane. This would only be the case for perfectly aligned, rectangular nanowires. Since the ZnO nanowires are hexagonal with random azimuthal orientations, there will be many instances where the x-rays are incident at a more oblique angle with respect to the sample surface/normal plane. This will result in a larger effective defect layer thickness. In addition migration of electron-hole pairs within a certain radius can also contribute to the luminescence. For ZnO this radius can be estimated 10 to be ϳ8 nm and will contribute to the uncertainty of the derived thicknesses.
A major assumption used in deriving this model was that the BGE luminescence was uniform throughout the region probed by the x-rays. Although this premise has been used in previous studies, we thought it is worthwhile to try to check it, since it is well known that surface defects often quench BGE emission. In order to do this we developed models in which there was a "dead" layer for the BGE luminescence or where the BGE emission was exponentially attenuated near the surface. In both cases the fit of the model to the data was significantly worse.
Previous work has also investigated the depth dependence of defect luminescence in ZnO nanostructures. In a study by Shalish et al., 15 the intensity of the 2.4 eV defect peak was shown to be inversely proportional to the size of the nanowire, which indicates that it is due to defects ͑singly ionized oxygen vacancies near the surface ͓ϳ30 nm͔͒. 22 However, a number of other papers have suggested other possible assignments. 7, 23 Cathodoluminescence studies of the 2.4 eV emission indicate that it is localized within a 10 nm region near the surface. 14, 16 To our knowledge there have been no previous depthdependent studies on ZnO nanostructures of the orange, ϳ2 eV emission seen in the present work. Ong and Du have presented cathodoluminescence studies of a 2.05 eV emission from ZnO films which indicate it arises from the bulk, although a 1.78 eV peak seems to be localized near the surface. 24 Other groups have also reported orange luminescence from nanostructures, 4,6,25 thin films, 26, 27 and crystals. 28 In the present work the 1.97 eV component, as well as the 1.82 and 1.70 eV components appear to originate from a near-surface region of 10-15 nm in width. If they are associated with oxygen interstitial defects then they must be localized within this region, which is at odds with conclusions drawn from some of the previous work. Depth-dependent XEOL measurements have great potential for understanding defect distributions and in the future we plan to investigate oriented ZnO nanostructures grown under varying conditions as well as other aligned nanomaterials. Correlating such results with information obtained by complementary x-ray absorption and photoemission techniques will enable researchers to get a more thorough grasp of the surface and interfacial electronic structure of any aligned nanostructure.
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